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Dear John:
Re: Invoice #7

Enclosed are two copies for Bill G., one copy
for Helen R. and one copy for your file.

Funding ran out on Thursday, January 27, 1966,
so the invoice covers time spent up to that date.
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We have continued on to finish thq@report and
it is now ready for reproduction. It will be ready to
mail in a couple of days.
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31 January 1966

Monthly letter progress report, Contract STAT

: | Comments on Status
Jask I = ltem 1 "Special Investigatiggs“ |

pmriaghereﬂwgra no specific requests for visitations this

Task II - Item 8 "Laser Motrology"

Since there is an urient requirement for the results of
the analytical investigations on Laser Metrology, effort was
concentrated duriog this period on the completion of the first
technical report., The report was completed and is being re~
viewed and prepared for submission. The recommendations and
& summary of the findings are included herewith. :

Rﬁﬁgﬁ%gnggtigns = A laser interferometer can be applied to
sub-micron accuracy metrology to measure a meter or more by
straighteforward engineering design and analysis with only two
areas of uncertainty. One area of uncertainty is in achieving

a high fringe counting rate and a suitable traversing rate.
Since a count reliability of one part in 400 million (6 standard
deviations) or better is desired, normal electronic component
reliability numbers (1 or 2 standard deviations) are not appli-
cable, It is recommended that a development program be initiated
to investigate this area prior to the incorporation of a laser
interferometer into proposed measuring engines.

The other area of uncertainty is in vibration control.
Since vibration control is intimately related to structural
design and m:~hine design, it is recommended that a parallel
program of vi ration analysis and test be conducted concurrently
with new measuring engine designs. '

Suimnary - ou analytical investigation was made of the problems
ezsociated with use of an interferometer for precision measure-
went of length. The investigation was oriented toward the
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usage of the helium=neon %as laser for the interferometer light
source., The precision criterion was the measurement of lengths
up to 1 meter to an accuracy of % micron. Interferometers
have been used for many years for the precise measurement of
short lengths. Pre~laser light sources permitted precise
measurement of lengths up to about 10 cm. Laser light sources
permit precise measurement of lengths of at least several
meters and perhaps several hundred meters.

Quantitive estimates are presented in this report of
the effect‘on the precision of measurement of: wavelength
determination, mirror alignment, atmospheric variations, parti-
cles in the beam, traversing speed, pggarization; spectra. '
purity and vibration., Spectral purity (i.e., spatial coherence)

. and mirror alignment are of paramount importance. Only traversing
speed presents unresolved problems and vibration of course
requires special analysis of detail structure. .

‘The classic Michelson arrangement with minor médifications
has proved most practical for metrology. The Fabry-Perot
grraggement is well suited only to the measurement of a fixed

ength. '

STAT
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STAT
February 1, 1966

Task II Item 8 Technical Reportv

LASER METROLOGY

Work Statement: Investigate the use of the
‘helium neon gas laser for measuring engine
applications. " The use of a laser interferometer
and fringe counting for measuring length has
problems with counting rate and with vibration
and thermal gradients interfering with counting.

‘ ' - There are certain precautions which must be
' : taken,

This report presents an analysis of the magnitude of

- potential errors in applying a laser interferometer to a
- high precision measuring engine.

Submitted by:

STAT
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1:_ INTRODUCTION
| 1.1 Summary

An analytical investigation was made of the problems .
associated with use of an interferometer for precision measure-
ment of length. The 1nvest1gation was oriented toward the
usage of the helium-neon gas laser for the interferometer light
source. The precision criterion was the measurement of lengths
up to 1 meter.to an accuracy of % micron. Interferometers
have beenbused for many years for the precise measurement of
short 1engths. Pre-laser light sources permitted precise‘measure-
ment ofllengths up to about 10 cm. Laser light sources permit
precise measurement of lengths of at least several meters and
perhaps several hundred meters. |

Quantitive estimates are presented in this report
of the effect on the preciSLOn of measurement of: wavelength
determlnation, mirror alignment, atmOSpheric variatlons, parti-
cles in the beam, traversing speed, polarization, sPectral
purity and vibration. Spectral purity (i.e,, spatial coherence)
and mirror alignment are of paramount importance. Only traversing
speed nresents unresolved problems and vibration of course re-
quires special'analysis of detail structure.

The classic Michelson arrangement with minor
modifications has proved most practical for metrology. 'The
-Fabry-Perot_arrangement 1s well suited only to the measurement
of a fixed length. | |

1.2 Conclusions
There is no doubt as to the technical feasibility

of using a helium-neon gas laser interferometer to -make i
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' | ~measurements of % micron accuracy over a. distance of a meter or
more. Whether or not satisfactory‘traversing‘speeds can be
' : '~ obtained needs to be eStaolished by test, It is necessery to
| recognize the critical elements involved in a laser interfero-
meter and the compensation:required; The more important ones

are.:

Wavelength: The yevelength;of the interferometer light beam - -
must be accurately known since the wa?elength error is multinlied
by the numbervof'fringes counted. The spectra physics laser
Model 119 has a highly stable wavelength which can be determlned g
to the required accuracy.

Mirror Alignment: Alignment of the mirror which moves over

_ the length being measured is extremely critical., The moving

. mirror must be parallel to the virtual position of the fixed

| mirror within a small fraction of a wavelength. This can be
. accomplished by servo_control.of a plane mirror or by using

a corner cube reflector.

~ Atmosphere: Changes in barometric pressure, airhtemperature‘
and humidity will oause errors in the‘measured length by causing
changes in the wavelength of the interferometer light beam.
rThe'atmospheric changes must be measured and in part controlled
and~eorrections applied to thé-measured length. -

Thermal Gradient3°' It appears that reasonable precautions '

can prevent thermal ~gradients in ‘the interferometer light beam

~ from becoming a 81gnificant source of error.

. - Particles in the Beam: Under ordinary 1aboratory conditions, N

particles in the interferometer‘light beam will not affect '3
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measuring and extraordinary clean room conditions are not

4

- Traversing Speed: To date, interferometer measuring engines

have used extremely slow traversing spéeds and low counting
rates. With the recent;advent of high speed reversible
counters,vit appears to -be posgiblé to substantially increase
counting rates énd traverSihg speeds. This'implies broad-
Band glectronig_compoﬁents'with attendant increase in noise
1e§els._ Caréful investigation is essential to achieving suit-

able traversing speeds and this aspect requires developmentall

verification.

Polarization: The coincidence of the planes of polarization
of the interferometer light beams is not critical and the
requirement is easily met in the usual instrument design,

Spectral Purity: A high order of spectral purity is essential

to permit measurement of long lengths. Spectral side bands

must be eliminated'to'produce uniform fringe modulation along

the measured length. The Model 119 laser has

more than adequate spectral purity.
Vibration: Machine vibration can be a serious detriment to

 satisfactory operation. In a measuring engine particular at-

tention must.bé paid to the. attenuation and the elimination of
vibration since the tolerable émplitudes are only a fraction -
of a wavelength of light. Utilizing high fringe counting rates

helps and it appears that by careful design and analysis‘vibra-

tion can be controlled to tolerable levels.
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. : 1.3 Recommendations
| A laser interferometer can be applied to sub-micron
accuracy metroldgy to measure a meter or more by straight=-
forward engineering désign and analysis with only two. areas
of uncertainty. One area of uncertainty is in achieving a
high fringe counting fate and gﬂsuitable traversing rate.
Since alcount reliability of one part in 400 million (6 standard
deviations) or Better is desired,,ndrmal'eléétrbnic component
reliability numbers (1 or 2 standard deviations) are not ap-
‘plicablé. It is recoﬁmended thaé'a development program be |
initiated to investigate this area'prior to the incorporation
of a laser interferometer into proposed measuriﬁg engines, |
The other area of uncertainty is in vibration ‘, Co=
. control. Since vibr__atioh control is intimately related to | |
" structural design and machine design, it is recommended‘that
‘a parallel program of vibration analysis and test be conducted

concurrently with new measuring engine‘designé.
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’ 2. BASIC INTERFEROMETRY

2.1 Interference Phenomena

2.1.1 General Description = Interferometry is

the utilization of opticallinterferehce phenomena for the
measuremeht_of leogth. The interference phenomena are.man-
ifested by variations in intensity in the regions in which
light beams are superimposed. The variations in intensity
are generated by. the vector addition and subtraction of the_‘
electric vectors of the superimposed light beams. In the
measurement of.length{,one beam traverses a fixed length while -
the other beam‘trarerses a‘variable‘length.. The variation in
the variable iength is the distance to be measured. The ar-
rengement is illustrated in Figure 1. When the moveable
‘ - . mirror is et point A, the electric vectors of the two beams
| arrive at the photo detector in phase and add to give an in-
. tensity maximum. When the moveable mirror is at point B
(% waveiength from point A), the path length has been changed
by % wavelength and the electricdvectors of the two beams ar-
rive etthe photo detector out of phase and subtract to give an -
| 1nten31ty minlmum. |
As the moveable mirror moves on to point C, whlch
may be meny wavelengths from point A, the photo detector will
"sense a maximum intensity and a minimum intensity.for every %
wavelength of mirror travel. By counting the maxima and minime
vvand multiplying by the'wavelength of. the light the distance
. _ traversed by the mirror can be determined.

In order that the 'variations in inten81ty of the .
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FIG., 1: MICHELSON INTERFEROMETER DIAGRAM

%collimaﬂng lens not required for laser light source.
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two superimposed beams be clearly and precisely defined and
meésureable:' |
‘  a.‘The electric vectors of the two beams must maintain.
“a fixed phése relationship, i.é., the beams must be
thereﬁt.‘ | | | c o
: b;‘TheAelectric vectorS'must'Be rotatibnally éoincident;
i.e., identically poiarized.
c. The_béams.must.be parallel.
d. The beams must be spectrally pure.

The interference phenomenon of the two superimposed beams

 will be dégraded to the extent that the above requirements

~are not met. The magnitude of the degradations and the factors

producing them will be considered in the following sections,-

2,1.2 ‘Coherence Conditions - Coherence conditions

for interferometry express the beam to beam periodicity rela-

~ tionships necessary for the occurrence of steady, clearly
" observable fringes in regions of beam superposition. Two

- beams are coherent when their electric vectors are each

periodic ‘(in space arid time) and their périods have a fixed
phase relationship. We will discuss Time and Space Coherence
separately; -

T1me Coherence requlres a Timewise Constant Phase

"Relatlon of the electrlc vectors of the superimposed beams

impinging on the interferometer photo sensor.
It is necessary to have time coherence over the
response time of the photo detector and its associated elec=-

tronics. The photo detector does not detect the interference «

Aphroved For Release 2005/06/23 : CIA-RDP78B04770A002900010038-0
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. 'phénomenon of indi\‘r'idualvw‘ave fronts. It detects the i:im’e o B
‘4integra;ion of the interference phenomena of the multiplicity |
of wave fronts arrivipg during the response time of the detector.;
We must at this point distinguish between time
coherence of a beém'relative‘tq itself (which we shall call
time selﬁ-coheréncé) and time cpherence.of.one beam relative
to another (which we shall call time relative coherence).
For mosttlémps, tﬁe emission of light at one instant of time
is an atomic event independent of the emission of light at
another instant of time. The electriclvector phése relation-i
ship of the two gvents:is.random and the light is time self-
.incoherent.. For a laser however, the resonance lasing action -
produces llght in Whlch the electric vector is maintalned in
‘ ‘constant phase relationshlp in time and the light is time
‘self-coherent.
It turhs oﬁt, however, that time self-coherence
of a beam is not_required for interferometry.
| The usual interferometer used a single light source_‘ 
and a beam Spiitter to produce two beams traversing separate
- paths. The beams are'recombined at the photo detector to pro--
duce the intérference phenomenon. It is the relative phase
of the electric vectors of the two beams impinging on the photo
} '~ detectors which must be constant in time.
| If the path length is constant and the interfero; _-

" meter geometry rigid, time relative-incoherence cannot occur

i ' “if the superimposed beams originate from one source.

i S o We conclude therefore that the time self-coherence .’

~ Approved For Release 2005/06/23 : CIA-RDP78B04770A002900010038-0
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. of the laser is not necessary and by using a single source,
| time relative-coherence will always'be obtained under the con=:
ditions being considered. Note however that.vibretion of e
mirror which is not common to both beams (i.e., non-rigid
interferometer geomecry) can cause time relative-incoherence.
The effects of vibration are'considered in later sections.
Space Coherence requires a spacewise constant
phase relation of the electric vectors of the superimposed
- beams. It is convenient for our purpose to con31der separately
coherence across the beam and coherence along the beam in an
1nuerferometer. | |
| Coherence across the beam in an interferometer
denotes constant phase differences across the area of super-
. -~ posed beams viewed by the interferometer photo sensor. Wer'e.
| there local variances in the phase differences the effective'
integration over the total area by the photo sensor would pro-‘
duce an effectiVe averaging of local intensities and resultant
loss of fringe contrast. Ideal cross beam coherence, which
would result from superpoeition of (at least inStantaneously)
monochromatic beams with pafallel,'plane wavefronts, can be
| closely approached in practical configurations. Coherence
along the beam in an interferometer implies Superposition of
‘beams of identical perlodlc variation aside from fixed phase
-,dlfferences in a common propagation direction. The degree to -
which this coherence, and associated fringe contrasc, can be |
approached is fundamentally limited by the widths of the

narrowest utilizable quasi-monochromatic light sources and the,

\
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0pt1ca1 path length dlfferences of the beams.

‘The coherence length, L, of a Spectral line, A o’
of spectral width, AAg, is defined by |

'and

At the path 1ength difference, L, the wave length width ZXA

produces a Spread A,

A
Foon, -

such that interference fringes are smeared beyond'uéable‘coné
trast. We shell see in a later section that a laser source can
increase L by orders of magnitude over the marginal values af-
forded by pre-laser sources.

2.1.3 Polarization Condltlons - Slnce the 1nterference

.phenomenon of superimposed beams is produced by the vector ad-
dition of the electric vectors, it is optimum that light of
the two beams be identically polarized at impingement on the
photo detector. The”intensity maxima and minima will be degraded
" to the degree that the electric vectors are not rotationally co-
incident. The amplitude of the electric vectors E; and E2 of
the two beams can be expressed as: o

2m

= E sin (Wt - == x)

E X

=1
E-z =_gsiﬁ (wlt' -%}Z\.T_x’-'é)

for equal maximum amplitudes, E, of the two beams.
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" . Where:
wt = time dependent variation

-2-77—:- = k = propagation constant

X = distanc’e along the path of the beams
$ = phase angle of the two beams determined by the d:.f-
ference in path 1engths
" The resultant amplltude vector, A, is
A=E sin(wt - kx) + E sin(w t - kx =)
The 1nten31ty, I, detected by the photo detector is a scalar
quantity proportional to the square of the amplitude vector, "A.
I=AsA=a%
Sub_stituting for A:
L 1= E?[sin®(wt - ko) + B sin’ (@t - kx - $)
| + 2E ¢+ E sin(ew t - kx) sin(ew t - kx - 498 .
Let § be the éngle between the planes of .polar'ization of the
two beams. The dot .-product is then: - |
._E_' E-= E2 cos 6
and

I= E2 sinz(w t - kx) + sinz(oo t - kx = d’v).
+ 2 cos 8 sin(w t - kx) s1n(w t - kx - cﬁ) .

but sin(wt .- kx - <4>) = s:.n(a;t - kx) cos 4; - cos(wt - kx) suxcla

I= Ezl:iri.z‘(w t - kx)‘ + sinz(wt - kx - ¢)

.‘+2c089 sin(wt-kx)COSJ’ ~

@ - ‘. | = 2cos é s:m(wt - kx) cos(wt - kx) sin 4>] o |
- but sin(w t = kx) cos(wt - kx) = % sin 2(“’ t - kx) BT
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'is the time average over many cycles. The average value of sin

. — - 2 ) ] ' _
.Alslo Imin E (1_ + cos 7N cos 0) =0

. Approved For Release 20.05/06/23 : CIA-RDP7SBO4770A002900010038-0l ' «ll=

- then

I=8finf@t -1 +sin’@t - kx - $)
. +2 cos @ cos J) sinz(wt - kx)
- cos. @ sin ¢ sin 2(® ‘tt- kx):]
Since the frequency response of the photo detector is very much

less. than. the. ffequency of light, the intensity detected, I,

'is % and is independent of phase angle. The average value of

sin 2(ewt - kx) is zero. Substituting average values, we get:
1= EZB’ +% + cos 9 cos <1> - Q_J :
and _ | |
TI-= Ez'(l‘.+ cos 6 cos 43 )
The maximum value occurs for
'9='0,‘,J> =6or 6 =7, 4) = 7\'<a'nd'i.sv:"
2

- ) ' _

Lax = E (1 + cos 0 cos ‘0) 2E

Alsé T - E2(1 +‘clos T cos W) = 2E2
- “max v '

‘The minimum value occurs when

9: 0’$ a’ﬂ' or6= 7"’ $ =0
T, = EZ(I + cos. 0 cos W) =0

min

When the angle of polarization, # , between the two planes of
polarization of the beams is 90° then

.T90§ = E2(1 +" éoszzr— cos 4: ) = g2

and no modulation occurs when 4; is varied by changing the path .
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smooth range of ideal sources over space and wavelength will
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-length. Cos 6 varies less than 1%% for values of 8 < ‘lO°

Therefore it is not necessary to maintain precise coincidence

of polarization of the two beams. 'In addition, since the polar-

ization of the two beams will normally maintain coincidence
unless deliberately changed, the problem can generally be

neglected,

. 2.1;4‘ Spectrally and Spatially Distributed Sources

It is convenient to analyze and describe interference phenomena

" on the basis of ideal light sources - geometric'points emitting“

light at single wavelengths.
Real light sources are not 1deal in that they always

appear to have finite exten310ns in space and to have spreads

'in wavelength during the response tlmes ordinarily required for

observationslof interference.» It has been firmly established,

however, that light is emitted as a succession of very short

‘duration individually monochromatic wave trains (photons)

each of which originates from some extremely small region of.

space (e. g.» an atomic volume), and interacts with matter in-

dependently of other wave trains,

The intensity pattern of a real source can then be

treated as a summation of ideal, monochromatic, point source

intensity patterns' the point sources being distributed over

space and wavelength to be equlvalent to the real source.»

Slnce for glven geometry the 1nterference pattern

of an ideal source is in general a continuous function of its

wavelength and position, a real source equivalent to a small,

Approved For Release 2005/06/23 : CIA-RDP78B04770A002900010038-0
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' three groups.
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'pfoduce,aﬁ interference pattern that may be viewed as the some-

" what smeared pattern of its mid-range ideal source.

2.2 Application of Interference to Length Measurement

2.2.1 Classification of Interferometers =~ Coherent
beams in an interferometer arise through division of light from

a single primary source either by division of wave front (as

in two slit experiments) or division of amplitude (as by a

partially reflector mirror). Interference fringes are formed

in an interferometer by superposition of two or more beams
originating from. the same light source. On these bases inter-

ferpometers are conventionally and conveniently divided into

Types of Interferometers

Wave Front Divided, Dual Beam

| Rayleigh (1896) = A 51mp1e two slit instrument
used to determine refractive indices of gases.
Stellar (Michelson, 1920) - A two slit device used
to measure angular diameters of stars by observxng overlap-

characteristics of fringe patterns.

'Amplltude Divided, Dual Beam

Jamin (1856) =~ Used for refractlve 1nd1ces of
gases. The Mach~-Zehnder modlflcatlon is exten81ve1y used to
study a1r flow in w1nd tunnels. | , '

M1chelson (1881) and Modifications = Outstandlng

for versatlllty,_31mp11c1ty, and stability. Much used in

‘metrology. The Twyman-Green (lens testing) and Kisters (meter

comparator) are important modifications. ' A

[
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@  Lpiicue pivide, Multi Beam |
|  Lummer-Gehrcke - Interference effects within a
plane parallel plate provide high wavelength resolution of
light incident at near grazing angle. Superceded by-
‘Fabfy-Perot_- Iﬁterference effects between partially
A”reflectihg piane, parallel surfaces result from light at near .
normal incidence. Most versatile of interferometers. ‘Uéed
for metrology of abSolute wavelength and meter determina;ions;
highest resolution spectroscopy.

'2.2.2 Favored Types or Metrology = Amplitude

division (e.g., partially silvered mirror) of light from a
primary source is inherently more efficient than wave front
‘ . division (e.g., narrow slits). - Only the most simple and stable
| amplitude ‘division in'terferometers of modiff.éd Michelson' (dual
beam) or Fabry?Pefot (multi beam) types‘have‘been employed in
metrology. | | |
Fabry-Perot Etalons aré interferometers of fixed
length notably employed in several multiples of a unit length
to establish metef equivalents in standard waveléngths. Vari- = -
able length Fabrf—?erot interferometers are impractical for | :
" measurement of distances over a few millimeters by reason of
the‘diffiqulty‘of constructing ways to maintain’the platés |
sufficiently parallel for the multiple'refléctions of the béams.,

Variants of the basic Michelson dual beam inter-

~ ferometer are the only types utilized for measurement of varying

‘  lengths. . Satisfactory ways for movement of a mirror (single

reflection) to distances over a meter have been produced. ¥
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‘With but a single reflection required, a corner reflecfor can
_be substitutéd for the.moving mirror with great relaxation in
parallelism'réquireﬁents. If three or more interferometers |
share the same movable mirror, parallelism of the mirror may

be servo controlled. All fringe counting interferometer 1ength
ménsuration systems commercially availaBle or described in

the literature employ Michelson variants with collimated primary
beams. | |

2.2.3 Light Sources - The International Meter is

presently defined as.1,650,763.73 wavélengths of the extremel&

X | 0 | | |
sharp line of approximate wavelength 6056A emitted by krypton
isotope (KR86) lamps refrigerated to liquid nitrogen temper- |

86

ature. While the KR~ lamps are suited to primary standard

measurements, their cémple#ity makes them undesirable for 1ight’
soufces in general intérferometry. Mercury iSotope (Hg198)
lamps emit a line somewhaﬁ less sharp at apprdximately 54612'
when open{ted af about 5‘°Centigrade. _
| Until the recent advent of lasers, the Hg198 lamp
was alﬁogether‘the'best light source for high'aCCuracy.inter;
'ferometry.' This was by reason of

simplicity of operation (

high intensity (particularly 5461A)

easy separation of lines (filtering) ‘

spectral purity (.OOSthalf width for 54612)
The volume from which the light ofiginates in the lamp, in
~ common with all its contemporary monochromatic sources, is.
undesirably extended. - '5”

The Helium-Neon Laser, now readily available in
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practicél configurgtidns, excells every non-lasef 1igh£ source
in every reSpethwith regard to interferometric application.
By feason of its éoherent plane wave output (equiValent to a
collimated péint source) it provides three to five orders of

maghitude“greater‘useful light flux than the Hg198

lamp.

Its single wavelength (no filter required) is stable within the
half-width of any‘pre-1aser spectral line. The half-width of |

"this line islseverél-orders'of magnitﬁde less than that of .
any pre-laséf-line;

2,2.,4 Fringe Counting = Interferometric measure=-

.ment of length implies the'counting of fringes, _Three_meﬁhods
are used.

For measuremént to highest accuracy of a length.
known-to good accuracy (e.g., a standard metef) the number of
. fringes actually counted can be reduced to a small fraction
- of the total number c¢f fringes in the length. Tc¢ illustrate:.
count the number'of fringes in a bar about 1/& meter long.

Count the dl&Lerence in fringes between this bar and a second

par of ebout :gual length so that together they are about L4

< b - ooy 3 . . [ T wp Py Taa % B g PR A
aeter within o koown rumber cof fringes. Using a2 1/4 meter bHaw
., - . e e 2 i~ o ef N oy e 3
il oo LR woonr in succession conlTioacT an approximalte

meter bar oL o xi.owa number of frlnges, Tinglliy count the Jife
ference Ln Illigess betweeﬁ tie coenstiueo-l and standard meter
bars., | .

Whern suitable sources OF v, ot acéurafely kncwn

wavelergths are utilized, lengths can te “:ztzrmined in terms

of wavelengths without actual counting 3~ “tz method of excess.
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fractione. To illustrate: use two wavelengths A. and Al 5y AO
Starting at zero length, %\0 and X have frlnge coincidences

at every tenth frlnge of AO‘ At intermediate integral fringes
vofl Ags the excees.fractional fringe of A, is just one tenth
the 1eastﬂsignificant integer in the total integral number of
Ao fringes.h Interpolation to non-integral values of .K

fringes can be made. If a second wavelength A. be used where

>\2 - -11—0—%A the second least s:.gniflcant integer in the total

integral number of 7\0 fringes can be determined.

In practical cases the ratios of wavelengths are
not as simple as'above} but the principles nevertheless appl&.'
With sufficient wavelengths AO’ Ai""" Ah the exact‘dietence
" in terms of any-of‘the wavelengths can be determined by excess
fractions alone. With fewer wavelengths distance can be
determined by an auxlllary measurement of less accuracy.

Finally, by meaSurlng fringe intensities at p01nts
effectiveiy about % fringe apart to determine sense, fringes -
can be directly counted.as‘they increase or decrease in number
‘byltriggering electronic counters that concurrently dieplay the
- number of fringes moved from a chosen zeroﬁor reference position.
Count reliability‘as‘affected by triggering levels and intensityl~

modulation is discussed in Section 4.2.
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3.  LENGTH MEASUREMENT LIMITATIONS AND ERROR SOURCES

3;1‘ General.Discussion

~ The limitation of maximum length continuously

measurable by an interferometer is primarily a result of wave-

length spread iﬁﬂthe'light source used. We shall see that-use'

of laser sources extends this limitation by several orders of

Serious errors in interferometry can result from

a) defects and shifts,in,the geometry of the'interferometer
configufation; b) limitations on-fringe resolution, and c).1ight'
source wavelength magnitude determination.

3.2 Interferometer,Geometrz

Variations of dimension and alignment that effect

the metrological accuracy of an interferometer may be considered

in three groups.

Long term shifts can result from wear, creep, or
stress relief of materials. - Considerable caution in design
and attention to selection of materials are necessary to reduce
such shifts to negligible levels. In addition a regular schedule
of system calibrations 1s necessary to verify the long term
maintenance of geometry. | '

Short term shifts which may be considered faﬁid
?ariations of geométfy‘are treated in a iater section on
vibration (see'3.3.1); |

| | Thermal variatioﬁs of dimensioﬁ and alignment and
vafiétibns of alignment'with léngth to which the(interferometef
is extended constitute an intermediéte.group that will be

[
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*

considered in this: séction. ' They are discussed with reference

to a basic Michelson interferometer configuration, this being, .

‘as noted previously, the only type employed in measuremént of

variable length.

3.2.1 Rigid Length - The fixed length reference

arm of a Michelson type interferometer can be immunized to
significant thermal variations by means of a Koster's prism
Michelson modification (see Figure 2).

Here the variable optical path length to the movable

- mirror from the reference plane is greater than the fixed

reference path length by 2L, no matter how prism A'B C expands
or contracts as long as the prism experiences no significant
thermal gradients.

'3,2.2 Variable Length - The defined axis of measure=~

ment of an interferometer must coincide with the actual axis
of translation of the reference point onthe movable mirror.
If the direction of the actual axis shifts from that established

- for the axis-defined by calibration, error will occur as a

unity less cosine of error angle function. This is a weak
dependence for small' angles.
Let:
: LM = meésured distance between two positions of the
reference pbint on the movable mirror
Lp =,distance between positioné in the'direction of -
' defined axis
\L,='ahg1e between axes in radians, assﬁmed small .
AL = error in measured disfances, aséuméd as distance re
in direction of defined .axis
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e e e e e e ——— - e e s ey e - . e v ———




~ Approved For Release 2005/06/23 : CIA-RDP78B04770A002900010038-0

MONOCHROMATIC LIGHT SOURCE PHOTODETECTORVS.V

~ COLLIMATING LENS . DECOLLIMATING LENS

| Al » Cc
FIXED MIRROR : N S . T
, BEAM DIVIDING .
SURFACE L
s g
waawa

MOVING MIRROR

FIG. 2: KOSTER'S PRISM -- MICHELSON MODIFICATION

Apprdved For Release 2005/06723 : CIA-RDP78B04770A002900010038-0




. Approved For Release 2005/06/23 : CIA-RDP78B04770A002900010038-0 -20-_' v'

Then . e : 9
AL=1M-LD21M(1- COS\L)'-‘-'I.M-\&-Z— ) for small
and‘ .
ALy 2

e 7
Figure 3 illustrates the error magnltude.

The movable mirror must be held rigidly parallel
throughout its range of motions in order that the ffinge pattefn'
be maintained.l |

In Figure 4 oote that:

d = angle between the fixed mirror and the virtual
position of movable mirror, an extremely small
angle | . |

d = diameter of the beé;m on the' fixed and movable ‘
mirror

n = number of fringes occurring across the mirroréd
beam | | | |

A= wavelength = 0,6329 micron for He-Ne Laser ‘
ﬁThen: “ |

L. dsind  ~ 2 dd - . |
A2 A ' .

"For mirrors 2 cm. in diameter to be parallel within 1/5 fringe

(about .06 micron) requires

a S oA _1 A _ “6 i o~ | :
A& = y3-= IU T- = 3.2 x 10 ~ radian 0.64 second of arc
The automatic fringe counting interferometer at

the National Bureau of Standards applies servo control to the

tip and tllt of the movable mirror to maintaln parallellsm. v
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MOVEABLE MIRROR
(VIRTUAL POSITION) \

d

|

FIXED MIRROR.

FIG. 4:MIRROR ALIGNMENT.
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v If a éorner reflector is subStitﬁtéd‘for a plane
' | ~ mirror, 4beam réflection su-fficientlly parali'el to maintain thel
fringe pattern is feadily'obtained despite relatively gross
translational or angular deviations of the reflector carriage.
However, sincé the position of the reference poinf on the
carriage can change significantly before the fringe pattern is
nsignificantly affected, there must be either independent means
of taking account of reference point Shlft with reflector shift
and orlentatlon, or the ways -guiding the carrlage must be
shown to be of such quality as to prohibit significant error

from this source.

3.3 Fringe Contrast and Flutter - | j
| 3 3.1 Vibration = The effect of Vibfationion a
frlnge countlng interferometer measurement system differs w1th,
.' vibration frequency relatlve to the cutoff frequency of the |
_ countlng equipment. If the vibration frequency is well below -
fhe counter cut off frequency; the counter will change count
with the vibration and the count will not be lost. If the
vibration freqﬁency is well above thé counter éut off frequency,
the counter will not reSpond'and will in effect record the
average position. ~If the vibration frequency is in a region
- near the counter cut off frequenéy, the count may or may not
be recorded and count errors can be generated. What constitutes
”a.region near the counter cut off frequency' depends upon the
characteristics of the particular electronic componenté involved
in the counter. It is pafticulafly‘difficult tovassess because

'of the extremely high count rellablllty desired.

| .
: ‘ , : The effect of vibration is 1nt1mate1y related to
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amplitude as well as frequency. For a vibration amplitude of

’ %&3 where A is the wavelength of the light from the inter=-
ferometer light source, the fringe will shift from one intensity
:maxima to an adjacent maxima and will obviously constitute a

change in count. 1If the vibration amplitude is only a fraction _
ofv%h R tﬁeltriggéring 1evel of the electronié equipment will
déﬁerminé whether or not a change in count will occur. We

Vhave selected %% as_being a reasonably good ioﬁer limit. We

" "have assumed that if the vibration amplitude is less than

‘%% , the fringe count will not change. If the vibration ampli-

A A

tude is between jr-and 70 the count may or may not change and

an unsteady fringé'céunt will occur.- The relation between fre-
quency and amplitude as expressed in acceleration units of g

is shown in Figufe 5. In_Figure 5, the region above and to' the
left of the‘%}eamﬁlitude line is one of excessive vibration.
“and fringe count‘flutter. At low frequencies, the eye or the S
recording equipment can follow the flutter but at high fre-
quencies, the least count will be unresolvable. ‘

The region below and to the right of the %% line is

the region of acceptable vibration and steady fringe counts will

be obtained.. . |
The region between the two lines %} and %% constitutes

‘unacceptable vibration causing unsteady fringe counting and

~generating counting error. Note that at véry low frequencies,
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FIG. 5: EFFECT OF VIBRATION ON FRINGE COUNTING, -
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such as 1/10 ¢ps to 10 cps, very small vibration levels, such

-8 g to 10-5 g, can seriously affect the count. At the

as 10
higher frequenc1es, 1,000 cps requires vibration levels: over

1/10 g and 100,000 cps requires vibration levels over 100 g tbi
‘affect the fringe count. It is unlikely that these high vibration
levels will be encountéred. -If we assume for example that in
normal operation no yibration levels over 1 g will be encountered,

then any counting rate above 2700 cps will be ddequate. The

counter will count all vibrations below 2700 cps with amplitude

aboVe<%¥ . All vibrations above 2700 cps will have an amplitude
~ less than %¥ and will not affect the count. |

The Bureau of Standards laser interferometer counts
"at l,200 cps which is shown at A in Figure 5. Their vibration
levels must therefore be less than 1/5 g. The Cutler Hammer
laser interferometer counts at about 80,000 cps which is shown
at B in Figure 5 and no normal vibration levels can exceed its

- count rate. .

Low‘frequency vibration of amplitude between %} and

A

5 is the region of concern. The exact boundaries of the

region are not %% and %% but are determined by count triggering
levéls. Whether or not a count 1is 19st is determined by ‘the
hysterésis of ﬁhe counter. Since the hysteresis can be made
small'but cannot be'iero,'there is some small but finite probability
that a vibration amplitude wiil occur which willlcause loss of

‘a count. As the countlng rate is increased to accommodate

faster traver81ng rates, the probability of a critical vibratlon

:4'.

RS
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occurring and a count being.iost is increased. Furthef
analysis of count réliability should béléodpled with experimeﬁtal
measurements of_éppropriate counters and is beyond the écope
of the presént investigation. Therefore, further work must.
be reserved for iater'COnsideratibn.* |
In Figure 6, some vibration levels are superimposed
- on the regions of;Figure 5. It is easy to see from consideration
of Figﬁré 6 why it is desirable to bbtain'fhe>greétest possible
attenuation of'vibration.and why the nathral‘frequency and
damping'of structural members must‘be carefully considered.
Vibration A in Figure 6 illustrates the maximum
allowable mirror motion due to a structure with 5% damping
excited at 107 g. Note that 35 cps is the minimum allowable
natural frequency of the structure. Lower frequencies ﬁill
anuse the peak amplitude to penetrate the ;% line. Since 5%
damping is the haximum to be expected in bolted and riveted
structures, it is essential that strucﬁural-meﬁbers and com-
ponénts have natural frequencies above 35 cps. This can be
readily achieved in good structural design. - Note that excitation
at 1073 g'wouid require natural frequencies of 350 cps which |
are very difficult to obtain. | '
| Vibration B in Figure 6 illustrates the maximum
allowable mirror métion due to a structure with %% damping
excitéd at 107 g. Note that 100 cps is the minimumlallowable"
.naturai frequency of the struéture. %% damping is probably.
the niinimum to be énco‘uﬁterfed in general and is associétéd -With

pure elastic materials such as quartz or glass. Even steel -
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~has a somewhat‘higﬁg: iﬁternal damping factor. The monolithic
s#ructures in a meaéuring engine such as thelbaée'and the platen
should therefore have natural frequencies over 100 cps. If
there is attenuation between the vibrating structure and the
mirfor, or if considerable demping is deliberatély added, the

natural-f:equenéy limits can be relaxed.

3.3.2 Spectral Purity - Spectral line sources
are never ideally monochromatic. With line splitting effects
(Stark, Zeeman) absent and line broadening effects (Doppler,
pressure, resonénce) negligible .a spectrum line has yet a
finite natural width with a typical gaussian distribution of
intensity. |

In Figure 7, AX, is the half (intensity) breadth
of the line centered on wavelength XU' The Heisenberg Uncer=-
tainty Principle, basic in quantum mechanics, relates the
unceftainties in energy aﬁd life-time of an exciﬁed state of

an atom or molecule by:
t‘AEo < . ’ .- (1)
'Also we know that: .

E, = hy, and 7\0‘1/0=c'

, o
where:
t = half-life for spontaneous decay from the
excited state to the ground state, seconds.
E, = energy of the photon, ergs
A = wavelength of the photon, cm

" Vo = frequency of the photon, cps .
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P

Az,

‘=ﬂhélf-breadth around E , of the distribution.
of phbton energies radiated in Spohtaneous
‘. decays to groﬁnd state, ergé
 h = Planck's constant = 6.624 x 10727 erg sec

c = veldcity of light = 2,998 x 108 m/sec

Differentiating, we get o
85, =AY, and Ay, = '-%%}%—
by substitution
tAEo = th .‘A-Vo = '?T%r‘
R o
| Thus : ‘ v
| AX =R @

For given wavelength, thén, the haif-breadth.of
a spontaneously emitted (i.e, ﬁon-laser) spectral line is inversely
vproporfional to the‘half-life'of an exCiﬁed‘state that decays
to. ground to produce it. |

For the neighborhood of .5 micron wavelengths

Ao o~
—2 T 4 ox lO15 t seconds
AA, v :

The half-life times of excited states are ordinarily no longer
than aboutvlo-stseconds which corresponds to

o~ 6
Ao * 40 x 10 .AAO.

‘and indicates that interference fringes in an interferometer

o

will be smeared over substantially a whole wavelength when the :
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length being measured reaches about A 40 ﬁillion wavelengths.,
Thus normal Spectral source half-wxdths limit usable contrast
| fringes to the order of t % meter measured length.
| Metastable excited states have longer than normal
lifetimes for spontaneous decay, in some cases seconds, minutes,
and even hours. Such longer lifetimes correspond to 1ines of
higher spectral purity (shorter half breadth) but lower inteo-
sity. Spontaneous metastablelline intensities are generally
too low for practical use in interferometry. |

Metastable states are, however the sources of
extremely pure, hlgh 1nten81ty spectral lines produced by
lasers. A-metastable state serves as a laser reservoir when
atoms are excited or '"pumped' into the state and then stlmulated : . é
to emit photons w1th1n subsequent times short compared to the
spontaneous half-life of the state. Since stimulated emission
is arresonant process involving repeated interactions that
occur most strongly at the center of the waveleogth band that : : |
the metastable state emits spontaneously, the.purity-of laser ' o f
lines is greater thanspontaneous emission half-widths alone | |
indicate. Gas laser sources pro&ide lines of such purity that
fringe contrast is not significantly degraded at tens to .

‘*h

 hundreds of meters measurement distance. (K / A)\ > 10°
been measured for the He-Ne CW Laser).

3.3.3 Particles in Beam - Particles as large as

25 micron may be passed by air conditioner filters and . float
in the interferometer beams. To facilitate assessing the pos-

sible effects of such particles, we assume independent, single
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scattering without wavelength shifts,

Independent scattering occurs when the scattering

particles are suff1c1ently far from one another w1th random
orientations that 1ntens1t1es scattered by various particles
are additive.

A mutual distance of 3 radii or greater between
particles-is usually a sufficient condition.
. L

‘ In a dense fog
mutual distances are some 20 particle radii.

The assumption
of independent scattering for normal conditions in the inter-

ferometer beam is obviously well justified

Single scattering holds when the intensity scat=-
tered is proportional to the number of scattering particles.

Single scattering holds from beam entrance into a particle
cloud to such.a distance that beam intensity is significantly

reduced below the entrant value, conventionally by about 10%
of the entrant value.

Since even 17 loss of intensity in a
beam 1ength of about .a meter would imp1y~abnorma11y smoky or
dirty. atmosphere, single scattering is assured

The scatterlng of intensity out of an 1nterferometer

beam has little 31gnificanCe for 17 total intensity loss or
less. But forward scattering

e

along the beam might conceivably
produce a phase shift equivalent to a significant variation

in the index of refractlon along the beam path.

However, if we except such unusual anomalies as

oriented, lens-like particles, the fraction of total scattered
it i ;

amplitude that is singly scattered effectively parallel to a

sharply aperatured beam is very small indeed (Ref., Van de Hulst
Light Scattering by Small Particles)

Thus_if 1% of the total g
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amplitudé were singly scattered only a small fraction of this

scattered amplitpde could effectively rejoin the beam and there

could theref§re be no significant reduction invfrihge contrast. |
We conclude therefore that under reasonably clean

1aboratory conditions; particles in an interferometer beam

will not affect mensuration and no extraordinary precautions

need to be taken to assure an adequate clean room.

3.4 Wavelength of Light

3.4.1 'Wavelength‘Error - The velocity of light

in air is affected by the temperature, pressure and humidity of
the air and also by'the pfesence of contaminants such as CO2 or
ozone. We will now examine the magnitude of the effects of air
temperature, barometric pressure, and water vapor (humidity)-.
To measure.iength, L, we count the number, N, of
-&avelengths, A, occufing.
L=NA
Differentiating with respect to A gives the error in length
dL due to the error in wavelength, dA. | |
dL = NdA
The error ratio is:

dL _ NdA - dA
T “FA - A

but -
S oon
where : A = wavelength in air’
7\0‘= wavelength in wvacuum
‘n = refractive index if air g
and an ='-)1>dn
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.. ' . R -7\ dn
: ' | d>\ = - A == ....(_ip..
—r'l_" )

The partlal derlvatlves of n may be taken for temperature,'T,

pressure, P, ‘and Humidity, H. ~

'dn= ggdﬂ:{} g; P+-—3—§-dﬂ
‘where
dT =_air temperature change in QC.
dP = barometric pressure change in mm of Hg.

dH = water vapor pressure change in mm of Hg.

Thus the measurement error is:

dL _ dA _ -l [72n 2n
s = = -an/n = 2 [(SRyar + —a—dP + 2104 :]
' B 'The partial derivatives as obtained from the U.S. Bureau of

Standards in WashlngtOﬂ D.C. are:
| Alr Temperature: dn/ dT = -9028 x 1077/ |
Barometrlc Pressure: dn/ dP = +3.57 x 10~/ /mm Hg
. Humidity: an/ 2H = -0.57 x 10~/ /mm Hg.
The index of refraction of air, n, may be found for-a given

set of condltlons.

For A = 6329.9 A.
T = 20 °C
P = 766 mm Hg
| H=0 mrﬁ'Hg (dry air)

n=1+ 2713.30 x 10~/

To find the relative error, the partial derivatives must be“
@ divided by n. -Since
| 1/n = 1/1.00027133 = 0.99999+
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we consider the 1/n factor negllglble as a correction of the
partial derlvatlves, We can thus. express the. meaSJrement error
introduced by étmOSpherlc effects in microns per meter (or
parts per million, ppm) directly as: |

Air Temperature. -0.928 ppm/°C

Barometric Pressure: +0.357. ppm/mm Hg.

Humidity: =0.057 ppm/mm Hg.

The coefficients are illustrated in the graph, Figure 8.

| - The significance of the algebraic signs may be illus-
trated by considering dir temperature. As air temperature |
incfeases,-the'index;of refraction of the air decreases and the
wevelength of the light increases. Thus the wavelength count
for a given distance will be too small and the error will_be
negative as shown on Figure 8.

‘The relative importance of the atmospheric effects
is illustrated in Figure 9. -For the purposes of the illustraﬁion,.
it was assumed that-humidity‘can be controlled to flO%, that
'aif temperature‘can be controlled to tl OC and that barometric
pressure is uncontrolled and can vary T Hg. From the
figure it can be seen that the humidity correction can be neg-
lected, the air,tempereture correction is,marginally sigpifieant
and the barometric correction iz essential. If the measﬁremeﬁt
of a given length is accomplished in a few minutes, then the
barometric changes occurring in the course of a measurement are
vproBably non-significent; |

3.4.2 Wavelength Determination - In order to

calibrate the measuring device the basic wavelength must be
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~accurately known. The Wavelength of the iight from the Specfro;
physics Model 119 Helium Neon continuous gas laser was measured
by the U.S. Bureau of Standards on two lasers and found to be’
A, = 6329.9147 T .0003 &
as correc;ed to vaeuum. The above uncertainty of T .000,000,03
micron is,eduivelent to .03 ppm or microﬁs per meter and is a .
negligible uncertainty for measuring accuracy to Y0.25 micron.
According to the performance specifications of the model 119
'1aser;.the variation in the basic wavelength of the laser beam
is considerably less than the measurement uncertainty. The
laser cavity is tuned so that the beam centers on the neon

emission line w1th a maximum deviation of 1 Mc/day with servo

control. The frequency is approx1mately

Ay £=2C,
where | .
A, = 0.6329 x 107° meters
f = frequency, cps
C, = 2.998 x 10° meters/sec velocity of light

£ =G /‘A. = 2.998 x 108/0.6329 x 107°

= 4.74 x 10%% cps

il

4.74 x_lO8 me
The basic wavelength is therefore controlled to 1 part in
474 x 10% which is 474 ppm = 0.0021 mlcrons/meter.

The bas1c wavelength deviation is negligible.
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4, RAPID LENGTH MEASUREMENT-ADDITIONAL ERRORS

When a counting interferometer system is required

to traverse lengths being measured at significant velocities

the'higher frequency response and coﬁnting rate necessary may
result in suéceptibility to noise and fluctuation errors in
addition to errors ﬁreviously considered. It is convenient
to conéider-separately‘such error factors with regard to

1) fringe intensity and 2) the sensing and counting of fringes.

4.1 Fringe Intensity Fluctuations

4.1.1 Quantum Noise - The quantized nature of

1ight,'whereby the energy of a light beam is evidenced by
temporally and spatially localized transfers df'individual
photon energies, sets a fundamental limit to the rate at which
interference fringes can be counted with a given average

energy incident on the photoreceptor. It is quite possible to

'so reduge the source intensity and increase the fringe passage

rate of_an_interfefometer that the photoreceptor receives not

a single photon during its short transit times over some

regions in which'fringemaXima would be observed under normal
conditions, | |

| Since the temporal and spatial occurrence of photon
interaction events on the sensitive surface of a receiver are .
random there ié_always‘a‘statistical probability, be it ever so
small, that a fringe count will be gained or lost no hatter
how great the beaﬁ intensity bf the. interferometer and how long
the transit time over a fringe region. Definition of a photon.

noise limit on a counting rate must then include a value for
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the maximum acceptable probability fsr gaiping or losing‘one
fringe count.

A rigorous calculation of photon noise limit on
‘counting rate would involve extensive computatlons due to
the nature of the statistical distribution functions required.
vSuch}calculations will be deferred or avoided depending upon
whether sufficient information can be otherwise obtained to
determine if the desired counting rates are proximate to
photon noise limits.

Approximations for photon noise limits have been
made for the NBS and Cutler-Hammer Counting Interferometer

Systems. These approx1matlons are v1ewed as suggestive.

.’ The arguments follow.
Let |
Pp = Average light flux incident on photoreceptor
Cr = Quantum efficient of photoreceptor
~h = Planck's Constant = 6.6 x 10-27 erg-sec.

c 3 x 108 meters/sec

Velocity of light
A= Wavelength of incident light, meters
- The energy of a phbton is
hC/'\ ergs
The average number of photons detected per second by the,phqto-
receptor is - | |
| | N = (PR)gCR/hC) phptons/second (1)

.Let:'

‘ - _ F, = rate at which fringes are counted, fringes/second

B
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1/F_ = time for passage of one fringe
1/2F, time fringe maximum region or minimum region

is viewed

=
i

£ number of photons: detected per fringe

=l
!

£ averagé number of photons detected per
fringe = N/Fc

A = Ng - Nf = fluctuation in number of photons
detected during passage of a fringe

5.= A/Nf = (Nf - N-f/N)Fc = relative fluctuation : -

in number of photons detected duringipassage
of one fringe
bi= standard deviation of the population of
d's for all fringes.couﬁted.
The Poisson Function properly describes the

étatistical distribution of random events such as detections
of radioactivé disintegrations, shot effect electrons in vacuum
tubes, and photon detections, Using the Normal DistriButipn

-approximation to the Poisson Distribution (Ref. Lindsay,

Physical Statisticé, page 29)

o = \foFe/N | | 2)

Substituting the equivalence for N determined above:

o o= ‘Iéthc./PR?\CR s (3)
’Fringes are counted by applying the receptor

output voltage to an electronic trigger that has a hysteresis

between the voltage levels at which it shifts upward and down-

ward. This hysteresis reduces the probabilicy of noise and
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fluctuation errors. At best (hysteresis ¥ % maximum pulse

'height) a critical fluctuation &c = 1 will cause a fringe
count error (note that this fluctuation is 2 % pulse height).

Since a critical fluctuation might occur in either
the maximum or minimum region of the épproximately_z million
fringes cqunted in traversing a 20" platen, a critical or
greaterufluctuétion probability of one in

6 % 100 = 4 x 10°

l'2 x 2 x 10
corresponds to a probability of one miscount (~ 0.3 micron
error) per 100 platen traverses. This probability is approx-
imately that of»tﬁe occurrence of a six standard deviation or
greater fluctuatidn. We therefore set

“Tc =1-= 6Q‘
or, :1‘ 6= 1/6.

Equation (3) becomes

1/6 = 'Jithc/PR7\cR

or ‘
P, \C .

_ "R R
Fc 72 hC (4)

For both the NBS counting interferometer (considering

198 lamp rather than the recéntly'installed

the system with a Hg
laser) and the Cutlér-Hammer counting interferometer setting
A= 0.5 micron .
1is a sufficiént approximation»for present purposes. _
- The NBS system has a reported average light flux
at each of the four photomultipliers of

P, = 2.25 x 1072 microwatts

R
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The Cutler=Hammer System uses a 100 microwatt laser. Assume an
average light flux to each of the two photomultipliers of
Pp = 10 microwatts

For both systems assume a typical 10% photonefficiency for the

photomultipliers.
CR = 0.1 ' ‘
- Evaluating Equation (4) above:
~ For NBS - |
Fg = CR/72 X ?\/C X PR/h

©1/720 x 0.5 micron/3 x 1010 cm/sec X 104 micron/cm x

W yates x 107 2-'r-‘g-/-:c'-—e---q-'/6.6 x 10727 erg-sec

2.25 x 10 ALL
14 27

= 1x.5%x2.25 % 10°%/720 x 3 x 10** x 6.6 x 10”

= 78,000 cps

For Cutler-Hammer -
X 10 microwatts
c 78,000 cps 2.25 x 1072 microwatts

35 x 107 cps

F

35,000 megacycles/sec

The maximum fringe counting rates used in the two

systems are - |

NBS 1200 fringes/second '

C-H 80,000 fringes/second (1l inch/sec)
The ratios |

F /max. fringe count rate
are then for the two systems

NBS  78,000/1,200 = 65

C-H - 35 x 10°/80,000 = 438,000
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Since the Culter-Hammer'éystem has a ratio

438,000/65 = 6,750
times greater than the successfully-operated NBS system, it
appears that the Cutler-Hammer System is far from pﬁoton noise
_limited at its present maximum sléwing rate of 1 inch per
second. = The above result strongly suggests that He-Ne laser
illﬁminated interferometers can reach at least 10 inches per
second slewing rates without photon-noise problems.

4.1.2 Laser Noise - Data on Spectra Physics

Model 125 helium-neon CW laser gives-

Amplitude Stability, Short Term: <1% peak to peak
| | 10 to 100,000 cps

This suggests one standard deviation fluctuation under

1%x%x‘]%:"-' .35%

in a bandwidth of 0 to 100 kc and no greater than<about 1%
in a bandwidth of 0 to 300 ke. |

| The fringe counting systém can quite easily be
desensitized to ten‘times this fluctuation - a most rare event
indeed. |

4.2.1 Photosensors - Before lasers photomultipliers

were the choice for interferometer fringe sensing by virtue of
highest sensitivity and frequency response with excellent signal
to noise ratio. With high laser light flux, silicon photo-
transistors appear as possible alternate photosensors of lower
cost, simﬁler circuitry, and higher stability. But for present

purposes we are content to show that with laser .sources photo-
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multipliers introduce;no addiﬁonal errdrs‘through increasing
slewiﬁg-rates up to as great as 3 inches per second.

| The NBS Fringe(Coﬁnting Interferometer achieved
reliable counting rates of 1,200 fringes per second with a
H,019.8 B

O

lamp and‘an_uncooled 10 stage photomultiplier. The
average signal current being far above the dark current the

photomultiplier signal to noise ratio was

s/Nee (F/AE

F

light flux on cathode
- Af = frequency bandwidth
(Ref. RCA Phototube Manual PT-60)

For 3 inches per second slewing rate a fringe
counting rate of 300,000 fringes per second is required. . If
Af is increased by a factor

300,000/1,200 = 250, then F must be increased
by the same factor if S/N is mt to deteriorate.

Short of the limitations 6f electron transit times
(order of 1078 seconds) photomultiplier flat response band-
widths are generally limited in their anode output circuit so
that, approximately

Af oc F average
Since T can be increased by a factor greater than 1000 by usingb

a laser, and Af be increased by a factor of only 250 -

y1000/250 = 2

the signal noise ratio can actually be improved from an established

satisfactory value as the response is extended to allow 3'"/sec .

slewing.
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4.2.2 Digital and Counting Circuits - Voltage level

triggers and digital circuitry to perform reversible fringe

counting at rates to 5 megacycles per second are stock items.

The requirement of a 300 kcps'rate for 3 inches per seéond_

slewing is therefore readily met.

Typical sources of such circuitry are:

Cambion Corp.

Computer Logic Corp.
Digital Equip. Corp.
Scientific Data Systems
Siliconix Inc..

Engineered Electronics Co.

Cambridge, Mass.

Los Angeles, Caiif;
Maynard, Mass.

Santa Monica, Calif.
SUnﬁyvaie; Calif.

Santa Ana, Calif.
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5. TABULATION OF PERFORMANCE OF EXISTING MEASURING INTERFEROMETER SYSTEMS

NBS
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Opto NBS Cutler
Mechanisms Hg198 Laser Hammer
Interfero- Michelson Michelson Michelson Michelson
meter Type : :
Light Source Hg198 Lamp Hg198 Lamp He-Ne Gas Laser |He-Ne Laser
' . : Spectra-Physics [Specially
Model 119 Developed
Operating T 5 in, tsy in. 1 meter 100 in.
Range of
Length
_ Measurements
Traversing Not quoted 1/3 mm/sec 1/3 mm/sec 1 in/sec
Speed ,
- Gounting Rate 500 KC 1200 cps 1000 cps Not quoted
o (80 KC min)
Least Count .27 micron - .003 micron .003 micron 0.75 micron
.14 micron (30 micro incl
.07 micron
Type of Corner ‘Plane mirror Plane mirror Corner reflec
Reflector Reflector servo controlled|servo controlled
: alignment alignment
Measurement Frinﬁe count Digital count Digital count inches 7 digi
Display on 1" Nixie to .01 fringe to .01 fringe '
tubes :
Number of Axes |1 1 1 1
Approximate $10,744 _Not available  |Not available $36,485
Price ‘ ) : '

-"[17.-




'so that error is dependent on the average accuracy of the
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6. COMMENTS ON MEASURING METHODS
| A number of measuring methods héve been uséd in
orvrecommended;for-measuring engines such asv
a. Moire fringe counters
b. Linear phasolver
~c. DIG and MILLIDIG |
d. Hg198 Interferometer

e. Laser Interferometer

and there may be others. All but the interferometers depend

-upon utilizing a pattern. For the Moire fringe counter, the

pattern is a pair of scribed gratings, slightly skewed. The
fo;mation of maximum and minimum intensity fringes is detected
by photocells as one grating is moved with respect to the other. .
The accuracy of the device is dependent on the accuracy of
scribing the grating. Accuracy is improved by detecting the
fringes of many scribed lines so that error is dependent on:
average not individual scribing accuracy. It is difficulﬁ
and costly to scribe long gratings accurately. To date, these
devices have often had electronic circuit problems probably
caused by poor electronic design and their speed has been
severely limited by counting rates.

For the linear phasolvér the patterns afe metallic
plated sinusqids and metallic plated bars on glass. The |

capacitive coupling between the patterns is measured as one

_pattern is moved with respect to the other. Again accuracy

ic gained by measuring over man attern sinusoidal cycles
g - by g Yy P y
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lpattern and nét on;the'éccuracy of a single cycle. The technique
‘has been proved reliable and dependable in field use in the
measurement of shaft rotation. The linear phasolver has a
major advantage in that position measurement is uniquely detér-
miﬁed at each position and is not dependent on counting fringes
or patterns during traverse. The electronics are well designed,
stable and réliablg but expensive. Once the master patterns |
have been made,'duplicates can be readily produced; Position
determination requires a few milliseconds or less which makes
the device suitable for measuring during rapid traverses. The
DIG and MILLIDIG devices use a linear bar pattern on glasé
covering the full length to be measured and a rotating bar
pattern in»the reading head. The rotating pattern interpolateé
the position of the head between the coarsely spaced linear
bars. Thefe is no averaging over many bars thus_measuring
accuracy is dependent on location accuracy of individual bars.

' The position determination requires 1/10 second which makes

the device too slow to determine intermediate positions during
rapid traverses. .

The DIG and MILLIDIG also uniquely determine
position for each measurement without counting bars during
traverse. | |

The Hg198 Interferometer has been successfully
used over short distances, up to about 14 centimeters. Beyond
that, the fringe counting becomes unreliable. The Laser Inter-
ferometer has been successfully.used over 1onger distances, up

to a meter and it appears it can readily be used over distances-
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s

198 interferometer

of many meters. For sbort distance, the Hg
is the more appropriate~choice since the light source costs
a few hundred dollars‘as compared to over SS;OO0.00 for the‘
laser light source. |
| The interferometers have a major advantage oﬁer
the other'devicés in not depending on manufactured patterﬁs.
Their basic measuring accuracy‘is dependent on the wavelength"'
of light which can be accurately determined. Ultimately,:
least counts of a millimicron or less could be:achieved.
The major disadvantage of interferometers (in
common with Moire frihge counters) is that measuring is ac-
complished by couﬁting while traversing the distance to be
mea sured. he intérferometers in use traverse slowly and count
slowly. With the recent advent of high speed reversible counters
slow traverse speed limitation may no longer hold. However,
attaining high traversing speeds and high counting rates must

be considered a development program.
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